A ground source heat pump system is one of the high-efficient technologies for space heating and cooling since it uses stable underground temperature. However, in actual application, many situations cannot be achieved due to the unsuitable design of operation. In particular, the design characteristics of buildings with different building load patterns are not reflected by the conventional design method. Moreover, the design capacity of the heat pump can be reduced by designing less capacity than the peak load through the introduction of the heat storage tank, but there is no related quantitative design method. Therefore, in this study, the effect of the ground source heat pump system design factors such as shape, length of the ground heat exchanger, and the capacity of the heat storage tank on the system performance was analyzed. To quantify the effect of such factors on system performance, an experimental plant was constructed and case studies were conducted for each design factor.
Introduction
In the 2015 Paris climate agreement, countries presented their goal for reducing greenhouse gases. To reduce greenhouse gas in the building sector, the concept of the zero energy building (ZEB) is being introduced. In particular, the government of South Korea made the ZEB roadmap. The main contents of the ZEB roadmap were to announce ways to activate ZEB in 2014 and to implement the ZEB certification system in 2017. Additionally, it is mandatory to build zero energy buildings in the public sector from 2020 and to build zero energy buildings in all buildings from 2025 [1] . To realize ZEBs, it is essential to introduce the high-efficiency and eco-friendly active elements using renewable energy systems as well as passive elements of buildings.
Among the renewable energy sources, the ground source heat pump (GSHP) system uses the underground constant-temperature zone that maintains a constant temperature throughout the year as a heat source. Therefore, it can respond to the cooling/heating load of the building in a stable manner. The ground source heat pump systems can be worked stable during the whole of the year due to the ground temperature is constant. However, other renewable energy systems such as PV and PVT are systems directly affected by outdoor conditions, such as cloud cover, and the seasons [2] . In South Korea, when a GSHP system responding to the cooling/heating load and hot water load of a building is designed [3] , the heat transfer rate of the ground is fixed at a constant value or the required length is calculated by inputting the load and effective thermal conductivity into the GSHP system design software after measuring the ground effective thermal conductivity through the thermal response actual load. The purpose of this study is to quantitatively analyze the performance of the ground heat exchanger type, the capacity of the heat storage tank, and the length of the ground heat exchanger, and to analyze the effect of each design factor on the performance through real-scale experiments.
Materials and Methods

Purpose of Experiments
In this study, experiments under the actual load were performed to analyze the heat transfer rate, heat pump COP, and system COP of the GSHP system according to the design factors of the GSHP system, such as the shape and length of the ground heat exchanger and the capacity of the heat storage tank. In addition, the performance of the heat pump and the effect of each design factor on the performance were analyzed.
Experimental Setup
Real-scale experiments were performed for a load of a factory building located in Hoengseong, Gangwon-do, South Korea. The factory building is a steel-frame building with double clear windows. For the experiments, small and large-scale experimental setups were constructed ( Figure 1 ). Figure 2 shows the small-scale experimental setup (Site A), which was performed in a space of 85 m 2 . In the same space, two 20.11 kW heat pump systems were installed. Each system consisted of a ground heat exchanger, heat pump, heat storage tank, fan coil unit, and a circulation pump. To compare performances according to the shape of the ground heat exchanger, a typical HDPE ground heat exchanger was installed in one system, and an inner rib ground heat exchanger was applied to the other. In this instance, two boreholes were installed for each type of ground heat exchanger and the spacing between the boreholes was 5 m. Both systems consist of heat pumps, heat storage tanks, fan coil units, and circulation pumps of the same specifications, except for ground heat exchanger. Figure 3 shows the large-scale experimental setup (Site B), performed in a space of 595 m 2 . Ten boreholes were installed for ground heat exchanger, and each borehole being 150 m length. Moreover, to compare performances according to the capacity of heat storage tank, a bypass was installed so that the heat pump could directly exchange heat with fan coil unit. Table 1 shows the specifications of the experimental setup.
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Purpose of Experiments
Experimental Setup
Real-scale experiments were performed for a load of a factory building located in Hoengseong, Gangwon-do, South Korea. The factory building is a steel-frame building with double clear windows. For the experiments, small and large-scale experimental setups were constructed ( Figure 1 ). Figure 2 shows the small-scale experimental setup (Site A), which was performed in a space of 85 m 2 . In the same space, two 20.11 kW heat pump systems were installed. Each system consisted of a ground heat exchanger, heat pump, heat storage tank, fan coil unit, and a circulation pump. To compare performances according to the shape of the ground heat exchanger, a typical HDPE ground heat exchanger was installed in one system, and an inner rib ground heat exchanger was applied to the other. In this instance, two boreholes were installed for each type of ground heat exchanger and the spacing between the boreholes was 5 m. Both systems consist of heat pumps, heat storage tanks, fan coil units, and circulation pumps of the same specifications, except for ground heat exchanger. Figure  3 shows the large-scale experimental setup (Site B), performed in a space of 595 m 2 . Ten boreholes were installed for ground heat exchanger, and each borehole being 150 m length. Moreover, to compare performances according to the capacity of heat storage tank, a bypass was installed so that the heat pump could directly exchange heat with fan coil unit. Table 1 shows the specifications of the experimental setup. 
Experimental Method
The target building was assumed as a commercial building, and its operation started at 09:00 and ended at 18:00. Each experiment was performed for two days. For the small-scale system, case studies were conducted for each ground heat exchanger shape (typical and inner rib). For the large-scale system, case studies were conducted according to the capacity of heat storage tank, and ground heat exchanger length. Table 2 is the case conditions of the experiment. Case A1 and A2 compare the performance of the HDPE type and the inner rib type. Case B1~B3 compare the performance according to the capacity of heat storage tank. Case B1, B4, B5, and B6 compare the performance according to the length of the ground heat exchanger. To increase the heat transfer performance of the ground heat exchanger, previous studies have been conducted to change its shape or materials [5] [6] [7] [8] [9] . Most of the studies [5] [6] [7] [8] [9] on the shape of the ground heat exchanger, compared heat transfer performances through numerical simulation or experimentally analyzed the ground effective thermal conductivity through TRT. However, for the GSHP system applied to actual buildings, a steady state is maintained during a short period of time and the system is mostly operated under part-load condition. Bae [9] analyzed of heat transfer rate according to ground heat exchanger types. The types of the ground heat exchanger are HDPE type, inner rib type, the high-thermal-conductivity of pipe type, and coaxial type. Among the ground heat exchanger types, the inner rib type is shown the highest efficient thermal conductivity by TRT. Therefore, this study attempted to quantitatively analyze the performance under the actual load, for different shapes of heat exchanger using the same ground heat exchanger as that in the previous study. The small-scale experimental setup was used for the experiment that compared the performances of each ground heat exchanger shape. In the same space, heating was performed both, the inner rib ground heat exchanger and the typical ground heat exchanger for the experiment.
Performance Comparison According to the Introduction of HST
The introduction and capacity of heat storage tank to the GSHP system can reduce the capacity of the heat pump and improve the performance of the GSHP system [11, 12, 16] . Most studies [11, 12] , have quantitatively examined the performance change according to the introduction and capacity of heat storage tank using numerical simulation. Hughes et al. [16] have examined the performance change according to the introduction of heat storage tank through real-scale experiments. However, the studies compared systems installed at a different site. Therefore, in this study, experiments were performed considering different capacities of heat storage tank as case conditions to quantitatively analyze the performance of the GSHP system. The large-scale experimental setup was used to compare performances according to the capacity of the heat storage tank. When the heat storage tank is used, the heat pump performs heat exchange with heat storage tank, which in turn exchanges with fan coil Energies 2020, 13, 554 6 of 18 unit. When the heat storage tank is not used, the heat pump on the load side performs heat exchange through the bypass path connected to the fan coil unit.
Performance Comparison According to the GHEX Length
The ground heat exchanger length is an important performance factor for the GSHP system, and most GSHP system design software is used to calculate the required length of ground heat exchanger. Most studies, however, have been conducted through the numerical analysis or the transient analysis of TRT [13] [14] [15] [16] . Few studies [16] have examined the performance change according to the length of ground heat exchanger through real-scale experiments. However, the studies compared systems installed at a different site. The large-scale experimental setup was used to compare the performances of each ground heat exchanger length. In the experiment, the temperature of the 50 m 3 heat storage tank was increased from 40 • C to 50 • C and the heat stored in heat storage tank was discharged through the fan coil unit. The ground heat exchanger length could be adjusted through the valve installed at each borehole. The length was varied from 1500 m to 1350 m, 1200 m, and 1050 m.
Measurement Method and Performance Calculation
To calculate the performance of the GSHP system, the temperature, flow rate of the circulating water, the heat pump power, and the circulation pump power was measured every minute. The measured data were recorded in a data logger. The ground heat transfer rate, heating capacity, and the COP were obtained using the measured data, and the uncertainties of the obtained values were calculated.
Performance Calculation Equation
The Equation (1) is based on heat transfer equation [10, 19] . This equation can be used to calculate the heat transfer rate between ground heat exchanger and heat pump. Here, the heat transfer rate per meter can be calculated by dividing the ground heat transfer rate by the ground heat exchanger length as shown in Equation (2) . The Equation (3) can be used to calculate the heating capacity of heat pump. The heating capacity represents the amount of heat transfer among the heat pump, heat storage tank, and fan coil unit. It can be represented by the sum of heat transfer rate and heat pump power [10] . The heat pump COP can be expressed as the ratio of the heating capacity to the required power [10, 19] .
Heat transfer rate between heat pump and ground:
Heat transfer rate between heat pump and ground per unit length:
Heating capacity:
Heat pump COP:
System COP:
where q g is the heat transfer rate between heat pump and ground [W]; C q is the specific heat of water [J/g·K]; m g is the flow rate of between heat pump and ground [g/s]; T gh is the temperature of the circulating water from GHEX to heat pump [K]; T hg is the temperature of the circulating water from heat pump to GHEX [K]; q gl is the heat transfer rate per unit length [W/m]; L is the length of the GHEX [m]; q hp is the heat transfer rate between heat pump and load side [W]; m h is the flow rate of between heat pump and load side [g/s]; T sh is the temperature of the circulating water from load side to heat Table 3 shows the measurement errors of the measuring instruments used in the experiment. The uncertainty of the performance of the GSHP system was calculated using the method proposed by Talyor [20] . Table 3 . Measurement errors of the measuring equipment. COP: coefficient of performance.
Element
Measuring Equipment Measurement Error Uncertainty of Performance
Flow rate Ultra Sonic Flowmeter
The error of the temperature measuring instrument used in the experiment was ±0.2 • C, and the error rate of the instrument can be calculated using Equation (6) . The error rate of the flow rate measurement was ±0.1% (Table 3) . Here, the ground heat transfer rate and the heating capacity are determined by the temperature and flow rate. As the errors of the flow rate and temperature measurements are independent, the error rates of the ground heat transfer rate and the heating capacity can be expressed as shown in Equation (7). The heat pump COP can be expressed as the ratio of the heating capacity to the required power, and the uncertainties of the heating capacity and the heat pump power are independent. Therefore, the uncertainty of the heat pump COP can be expressed as shown in Equation (8) . The measurement error of the heat transfer rate and COP calculated using Equations (6)-(8) was ± 4.0%.
Fractional uncertainty of the temperature:
Fractional uncertainty of the heat transfer rate:
Fractional uncertainty of the coefficient of performance:
where e ∆T is the fractional uncertainty of the temperature [-]; E ∆T is the absolute uncertainty of the temperature [K]; e q is the fractional uncertainty of the heat transfer rate [-]; e f low is the fractional uncertainty of the flow rate [-] ; e COP is the fractional uncertainty of the coefficient of performance [-] ; and e P is the fractional uncertainty of the power [-] .
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Result and Discussion
3.1. Performance Analysis According to the GHEX Shape Figure 4 is a time-series graph showing the heat transfer rate of the HDPE ground heat exchanger. In the initial operation stage, heat transfer rate of HDPE is 15.8 kW, and at the end of the operation stage, heat transfer rate of HDPE is 10.0 kW. Figure 5 is a time-series graph showing the heat transfer rate of the inner rib ground heat exchanger. In the initial operation stage, heat transfer rate of the inner rib is 15.6 kW, and at the end of the operation stage, heat transfer rate of HDPE is 11.9 kW. Figure 6 is a time-series graph showing the heat pump COP of the HDPE ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.82, and at the end of the operation stage, heat pump COP is 2.59. Figure 7 is a time-series graph showing the heat pump COP of the inner rib ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.94, and in the end of the operation stage, heat pump COP is 2.83.
heat transfer rate of the inner rib ground heat exchanger. In the initial operation stage, heat transfer rate of the inner rib is 15.6 kW, and at the end of the operation stage, heat transfer rate of HDPE is 11.9 kW. Figure 6 is a time-series graph showing the heat pump COP of the HDPE ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.82, and at the end of the operation stage, heat pump COP is 2.59. Figure 7 is a time-series graph showing the heat pump COP of the inner rib ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.94, and in the end of the operation stage, heat pump COP is 2.83. heat transfer rate of the inner rib ground heat exchanger. In the initial operation stage, heat transfer rate of the inner rib is 15.6 kW, and at the end of the operation stage, heat transfer rate of HDPE is 11.9 kW. Figure 6 is a time-series graph showing the heat pump COP of the HDPE ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.82, and at the end of the operation stage, heat pump COP is 2.59. Figure 7 is a time-series graph showing the heat pump COP of the inner rib ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.94, and in the end of the operation stage, heat pump COP is 2.83. heat transfer rate of the inner rib ground heat exchanger. In the initial operation stage, heat transfer rate of the inner rib is 15.6 kW, and at the end of the operation stage, heat transfer rate of HDPE is 11.9 kW. Figure 6 is a time-series graph showing the heat pump COP of the HDPE ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.82, and at the end of the operation stage, heat pump COP is 2.59. Figure 7 is a time-series graph showing the heat pump COP of the inner rib ground heat exchanger. In the initial operation stage, heat pump COP of HDPE is 3.94, and in the end of the operation stage, heat pump COP is 2.83. Figure 8 show the average heat transfer rate, heat pump COP, and system COP according to ground heat exchanger types. The heat transfer rate, heat pump COP, and system COP of the inner rib are higher than those of HDPE. This is due to the influence of heat exchanger performance. The average heat transfer rate of the HDPE ground heat exchanger is 7.41 kW, and that of the inner rib heat exchanger is 7.95 kW. The average heat pump COP of the HDPE ground heat exchanger is 2.98, and that of the inner rib ground heat exchanger is 3.04. The power of the circulation pump is 6% higher for the inner rib ground heat exchanger than for the conventional HDPE ground heat exchanger. This is because the pressure drop is increased by the inner shape of the inner rib ground heat exchanger. However, the power of the circulation pump is 10% of the total power, and there is no significant effect on the system COP. The system COP of the HDPE ground heat exchanger is 1.94 and the inner rib is 1.97. In the case without the heat storage tank, the heat pump was turned on and off frequently during the operation. In the case with the 20 m 3 heat storage tank, heat pump was turned on and off twice during the operation. In the case with the 50 m 3 heat storage tank, heat pump was turned on and off once. Figure 11 is a time-series graph showing the change of heat transfer rate according to the use of heat storage tank. In general, it takes time to reach the maximum heat transfer rate during the initial operation of the heat pump. In the case of not using heat storage tank, whenever a load is presented, Figure 8 show the average heat transfer rate, heat pump COP, and system COP according to ground heat exchanger types. The heat transfer rate, heat pump COP, and system COP of the inner rib are higher than those of HDPE. This is due to the influence of heat exchanger performance. The average heat transfer rate of the HDPE ground heat exchanger is 7.41 kW, and that of the inner rib heat exchanger is 7.95 kW. The average heat pump COP of the HDPE ground heat exchanger is 2.98, and that of the inner rib ground heat exchanger is 3.04. The power of the circulation pump is 6% higher for the inner rib ground heat exchanger than for the conventional HDPE ground heat exchanger. This is because the pressure drop is increased by the inner shape of the inner rib ground heat exchanger. However, the power of the circulation pump is 10% of the total power, and there is no significant effect on the system COP. The system COP of the HDPE ground heat exchanger is 1.94 and the inner rib is 1.97. Figure 8 show the average heat transfer rate, heat pump COP, and system COP according to ground heat exchanger types. The heat transfer rate, heat pump COP, and system COP of the inner rib are higher than those of HDPE. This is due to the influence of heat exchanger performance. The average heat transfer rate of the HDPE ground heat exchanger is 7.41 kW, and that of the inner rib heat exchanger is 7.95 kW. The average heat pump COP of the HDPE ground heat exchanger is 2.98, and that of the inner rib ground heat exchanger is 3.04. The power of the circulation pump is 6% higher for the inner rib ground heat exchanger than for the conventional HDPE ground heat exchanger. This is because the pressure drop is increased by the inner shape of the inner rib ground heat exchanger. However, the power of the circulation pump is 10% of the total power, and there is no significant effect on the system COP. The system COP of the HDPE ground heat exchanger is 1.94 and the inner rib is 1.97. In the case without the heat storage tank, the heat pump was turned on and off frequently during the operation. In the case with the 20 m 3 heat storage tank, heat pump was turned on and off twice during the operation. In the case with the 50 m 3 heat storage tank, heat pump was turned on and off once. Figure 11 is a time-series graph showing the change of heat transfer rate according to the use of heat storage tank. In general, it takes time to reach the maximum heat transfer rate during the initial operation of the heat pump. In the case of not using heat storage tank, whenever a load is presented, Figure 8 . Heat pump and system coefficient of performance (COP) and heat transfer rate according to the ground heat exchanger (GHEX) shape. In the case without the heat storage tank, the heat pump was turned on and off frequently during the operation. In the case with the 20 m 3 heat storage tank, heat pump was turned on and off twice during the operation. In the case with the 50 m 3 heat storage tank, heat pump was turned on and off once.
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on-off switching of the heat pump occurred up to two times. Therefore, the reduction of heat transfer rate according to the initial operation of heat pump has decreased. However, since the heat pump continues to operate to raise the temperature of the heat storage tank to 50 °C, the heat transfer rate is constantly reduced according to the decrease of the heat source side temperature and the increase of the load side temperature. Figure 12 is a time-series graph showing the heat pump COP change according to the capacity of heat storage tank. The heat pump COP showed a similar pattern to heat transfer rate. With the use of heat storage tank, the heat pump COP decreases due to the continuous rise in load side temperature. Therefore, in case of with 50 m 3 heat storage tank, the heat pump COP decreases from 3.9 to 2.6. In case of without heat storage tank, the instantaneous maximum heat transfer rate is high. However, the COP is low before reaching the maximum value. on-off switching of the heat pump occurred up to two times. Therefore, the reduction of heat transfer rate according to the initial operation of heat pump has decreased. However, since the heat pump continues to operate to raise the temperature of the heat storage tank to 50 °C, the heat transfer rate is constantly reduced according to the decrease of the heat source side temperature and the increase of the load side temperature. Figure 12 is a time-series graph showing the heat pump COP change according to the capacity of heat storage tank. The heat pump COP showed a similar pattern to heat transfer rate. With the use of heat storage tank, the heat pump COP decreases due to the continuous rise in load side temperature. Therefore, in case of with 50 m 3 heat storage tank, the heat pump COP decreases from 3.9 to 2.6. In case of without heat storage tank, the instantaneous maximum heat transfer rate is high. However, the COP is low before reaching the maximum value. Figure 11 is a time-series graph showing the change of heat transfer rate according to the use of heat storage tank. In general, it takes time to reach the maximum heat transfer rate during the initial operation of the heat pump. In the case of not using heat storage tank, whenever a load is presented, the heat pump on and off repeatedly. Therefore, sections with a low heat transfer rate frequently occur at the time of initial operation. On the other hand, in the case of using heat storage tank, the on-off switching of the heat pump occurred up to two times. Therefore, the reduction of heat transfer rate according to the initial operation of heat pump has decreased. However, since the heat pump continues to operate to raise the temperature of the heat storage tank to 50 • C, the heat transfer rate is constantly reduced according to the decrease of the heat source side temperature and the increase of the load side temperature. Figure 13 show the average heat transfer rate, heat pump COP, and system COP according to the capacity of heat storage tank. The average heat transfer rate in the case of without heat storage tank is 58.4 kW. The average heat transfer rates in the cases of 20 m 3 and 50 m 3 are 68.6 kW and 66.1 kW, respectively. The average heat pump COP and system COP in case of without heat storage tank are 2.96 and 2.32, respectively. The average heat pump COP and system COP in the case of 20 m 3 heat storage tank are 3.18 and 2.33, respectively. The average heat pump COP and system COP in the case of 50 m 3 heat storage tank are 3.12 and 2.29, respectively. The heat transfer rate and heat pump COP in case of using heat storage tank have higher than that of in case of not using heat storage tank. This is due to the influence of heat pump on-off frequency. However, the system COP of not using heat storage tank has higher than that of using 50 m 3 heat storage tank. This is because of an increase in the system power due to the addition of a circulation pump when using the heat storage tank. The average heat transfer rate, the heat pump COP, and system COP in the case of 20 m 3 heat storage tank have higher than those in the case of 50 m 3 heat storage tank. Figure 14(a-d) is a time-series graph showing the change of heat transfer rate according to the length of the ground heat exchanger. During the initial operation, all case of length is the similar value of heat transfer rate by 85~87 kW. However, the smaller the length of the ground heat exchanger, the more drastic the reduction of heat transfer rate over time. The heat transfer rate of 1050 m case is 52.5 kW at the end of the operation (Figure 14a) , and that of the 1500 m case is 60.5 kW at the end of the operation (Figure 14d ). Figure 12 is a time-series graph showing the heat pump COP change according to the capacity of heat storage tank. The heat pump COP showed a similar pattern to heat transfer rate. With the use of heat storage tank, the heat pump COP decreases due to the continuous rise in load side temperature. Therefore, in case of with 50 m 3 heat storage tank, the heat pump COP decreases from 3.9 to 2.6. In case of without heat storage tank, the instantaneous maximum heat transfer rate is high. However, the COP is low before reaching the maximum value. Figure 13 show the average heat transfer rate, heat pump COP, and system COP according to the capacity of heat storage tank. The average heat transfer rate in the case of without heat storage tank is 58.4 kW. The average heat transfer rates in the cases of 20 m 3 and 50 m 3 are 68.6 kW and 66.1 kW, respectively. The average heat pump COP and system COP in case of without heat storage tank are 2.96 and 2.32, respectively. The average heat pump COP and system COP in the case of 20 m 3 heat storage tank are 3.18 and 2.33, respectively. The average heat pump COP and system COP in the case of 50 m 3 heat storage tank are 3.12 and 2.29, respectively. The heat transfer rate and heat pump COP in case of using heat storage tank have higher than that of in case of not using heat storage tank. This is due to the influence of heat pump on-off frequency. However, the system COP of not using heat storage tank has higher than that of using 50 m 3 heat storage tank. This is because of an increase in the system power due to the addition of a circulation pump when using the heat storage tank. The average heat transfer rate, the heat pump COP, and system COP in the case of 20 m 3 heat storage tank have higher than those in the case of 50 m 3 heat storage tank. Figure 14(a-d) is a time-series graph showing the change of heat transfer rate according to the length of the ground heat exchanger. During the initial operation, all case of length is the similar value of heat transfer rate by 85~87 kW. However, the smaller the length of the ground heat exchanger, the more drastic the reduction of heat transfer rate over time. The heat transfer rate of 1050 m case is Figure 13 show the average heat transfer rate, heat pump COP, and system COP according to the capacity of heat storage tank. The average heat transfer rate in the case of without heat storage tank is 58.4 kW. The average heat transfer rates in the cases of 20 m 3 and 50 m 3 are 68.6 kW and 66.1 kW, respectively. The average heat pump COP and system COP in case of without heat storage tank are 2.96 and 2.32, respectively. The average heat pump COP and system COP in the case of 20 m 3 heat storage tank are 3.18 and 2.33, respectively. The average heat pump COP and system COP in the case of 50 m 3 heat storage tank are 3.12 and 2.29, respectively. The heat transfer rate and heat pump COP in case of using heat storage tank have higher than that of in case of not using heat storage tank. This is due to the influence of heat pump on-off frequency. However, the system COP of not using heat storage tank has higher than that of using 50 m 3 heat storage tank. This is because of an increase in the system power due to the addition of a circulation pump when using the heat storage tank. The average heat transfer rate, the heat pump COP, and system COP in the case of 20 m 3 heat storage tank have higher than those in the case of 50 m 3 heat storage tank. Figure 15(a-d) is a time-series graph showing the change of heat pump COP according to the length of the ground heat exchanger. The heat pump COP change is similar to the heat transfer rate. The heat pump COP of 1500 m case is 3.9 at the initial operation. However, the heat pump COP is decreased over time, and the value is 2.9 after operation for 400 min. The heat pump COP of 1050 m case is 2.6 after operation for 400 min. Figure 16a shows the average heat transfer rate and heat transfer rate per meters of the ground heat exchanger according to the length of the ground heat exchanger. Here, the x-axis is the heat pump rated capacity divided by the ground heat exchanger length. The longer the length of the During the initial operation, all case of length is the similar value of heat transfer rate by 85~87 kW. However, the smaller the length of the ground heat exchanger, the more drastic the reduction of heat transfer rate over time. The heat transfer rate of 1050 m case is 52.5 kW at the end of the operation (Figure 14a ), and that of the 1500 m case is 60.5 kW at the end of the operation (Figure 14d ).
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Energies 2020, 13, 554 12 of 18 Figure 13 . Average values of the heat pump COP and heat transfer rate according to the capacity of HST. Figure 15(a-d) is a time-series graph showing the change of heat pump COP according to the length of the ground heat exchanger. The heat pump COP change is similar to the heat transfer rate. The heat pump COP of 1500 m case is 3.9 at the initial operation. However, the heat pump COP is decreased over time, and the value is 2.9 after operation for 400 min. The heat pump COP of 1050 m case is 2.6 after operation for 400 min. Figure 16a shows the average heat transfer rate and heat transfer rate per meters of the ground heat exchanger according to the length of the ground heat exchanger. Here, the x-axis is the heat pump rated capacity divided by the ground heat exchanger length. The longer the length of the The heat pump COP change is similar to the heat transfer rate. The heat pump COP of 1500 m case is 3.9 at the initial operation. However, the heat pump COP is decreased over time, and the value is 2.9 after operation for 400 min. The heat pump COP of 1050 m case is 2.6 after operation for 400 min. Figure 16a shows the average heat transfer rate and heat transfer rate per meters of the ground heat exchanger according to the length of the ground heat exchanger. Here, the x-axis is the heat pump rated capacity divided by the ground heat exchanger length. The longer the length of the ground heat exchanger, the higher the heat transfer rate. In other words, the smaller the value of the ratio of heat pump rated capacity to ground heat exchanger length, the higher the heat transfer rate. The average heat transfer rate of 1050 m case is 61.1 kW, and that of the 1500 m case is 66.1 kW. However, the longer the length of the ground heat exchanger, the lower the heat transfer rate per meters of the ground heat exchanger (Figure 16b ). The average heat exchanger rater per meters of 1050 m case is 58.2 W/m, and that of 1500 m case is 44.0 W/m. The heat transfer rate per meter, according to the ratio of the heat pump rated capacity to ground heat exchanger length can be expressed using a regression equation as shown in Equation (9) . y = −0.156x + 78.914625 (9) Figure 16a shows the average heat transfer rate and heat transfer rate per meters of the ground heat exchanger according to the length of the ground heat exchanger. Here, the x-axis is the heat pump rated capacity divided by the ground heat exchanger length. The longer the length of the ground heat exchanger, the higher the heat transfer rate. In other words, the smaller the value of the ratio of heat pump rated capacity to ground heat exchanger length, the higher the heat transfer rate. The average heat transfer rate of 1050 m case is 61.1 kW, and that of the 1500 m case is 66.1 kW. However, the longer the length of the ground heat exchanger, the lower the heat transfer rate per meters of the ground heat exchanger (Figure 16b ). The average heat exchanger rater per meters of 1050 m case is 58.2 W/m, and that of 1500 m case is 44.0 W/m. The heat transfer rate per meter, according to the ratio of the heat pump rated capacity to ground heat exchanger length can be expressed using a regression equation as shown in Equation (9) . y = −0.156x + 78.914625
(9) Figure 17 shows the average heat pump COP and system COP according to the ground heat exchanger. As the value of the x-axis increase, the heat pump COP and system COP decrease. In order words, the longer ground heat exchanger length, the higher heat pump COP, and system COP. The average heat pump COP of 1050 m case is 3.0. That of 1500 m case is 3.1. The average system COP of 1050 m case is 2.2. That of 1500 m case is 2.3. As the length of the ground heat exchanger increases by 450 m from 1050 m to 1500 m, the heat pump COP increases 5%, and the system COP increases 4%. The heat pump COP, according to the heat pump rated capacity to ground heat exchanger length ratio can be expressed using a regression equation, as shown in Equation (10) .
The system COP, according to the heat pump rated capacity to ground heat exchanger length ratio can be expressed using a regression equation, as shown in Equation (11) . y = −0.0029x + 2.526 (11) Figure 17 shows the average heat pump COP and system COP according to the ground heat exchanger. As the value of the x-axis increase, the heat pump COP and system COP decrease. In order words, the longer ground heat exchanger length, the higher heat pump COP, and system COP. The average heat pump COP of 1050 m case is 3.0. That of 1500 m case is 3.1. The average system COP of 1050 m case is 2.2. That of 1500 m case is 2.3. As the length of the ground heat exchanger increases by 450 m from 1050 m to 1500 m, the heat pump COP increases 5%, and the system COP increases 4%. The heat pump COP, according to the heat pump rated capacity to ground heat exchanger length ratio can be expressed using a regression equation, as shown in Equation (10) .
The system COP, according to the heat pump rated capacity to ground heat exchanger length ratio can be expressed using a regression equation, as shown in Equation (11) . y = −0.0029x + 2.526 (11) Table 4 shows the results of heat transfer rate, heat pump COP, and system COP according to case studies. Figure 18a shows the effectiveness of heat transfer rate, heat pump COP, and system COP according to ground heat exchanger type. The result of heat transfer rate and COP analysis according to heat exchanger types showed that the inner rib ground heat exchanger is higher than the HDPE ground heat exchanger. In the case of using the inner rib ground heat exchanger, the heat transfer rate is increased by 7% compared to the HDPE ground heat exchanger, and heat pump COP and system COP are increased by 2%, respectively. Table 4 shows the results of heat transfer rate, heat pump COP, and system COP according to case studies. Figure 18a shows the effectiveness of heat transfer rate, heat pump COP, and system COP according to ground heat exchanger type. The result of heat transfer rate and COP analysis according to heat exchanger types showed that the inner rib ground heat exchanger is higher than the HDPE ground heat exchanger. In the case of using the inner rib ground heat exchanger, the heat transfer rate is increased by 7% compared to the HDPE ground heat exchanger, and heat pump COP and system COP are increased by 2%, respectively. Figure 18b shows the effectiveness of heat exchanger, heat pump COP, and system COP according to the capacity of heat storage tank and ground heat exchanger length. The result of heat transfer rate and COP analysis according to the capacity of heat storage tank showed that the case of using the 20 m 3 heat storage tank is higher than the case of using 50 m 3 heat storage tank and the case of do not use heat storage tank. In the case of with 20 m 3 heat storage tank, the heat transfer rate, heat pump COP, and system COP are increased by 4%, 2%, and 2% respectively compared to the using 50 m 3 heat storage tank. Using the 20 m 3 heat storage tank, heat storage rate is increased by 17%, heat pump COP by 7%, and system COP by 0.4% compared to the case without the heat storage tank. As the length of the ground heat exchanger was reduced from 1050 m to 1500 m, the heat transfer rate increased by 8%, the heat pump COP by 5%, and the system COP by 4%. In case of with 20 m 3 heat storage tank and ground heat exchanger length is 1500 m, the heat transfer rate increased by 12%, heat pump COP by 7%, and the system COP by 6% compared to the case of with 50 m³ heat storage tank, and ground heat exchanger length is 1050 m. Figure 18b shows the effectiveness of heat exchanger, heat pump COP, and system COP according to the capacity of heat storage tank and ground heat exchanger length. The result of heat transfer rate and COP analysis according to the capacity of heat storage tank showed that the case of using the 20 m 3 heat storage tank is higher than the case of using 50 m 3 heat storage tank and the case of do not use heat storage tank. In the case of with 20 m 3 heat storage tank, the heat transfer rate, heat pump COP, and system COP are increased by 4%, 2%, and 2% respectively compared to the using 50 m 3 heat storage tank. Using the 20 m 3 heat storage tank, heat storage rate is increased by 17%, heat pump COP by 7%, and system COP by 0.4% compared to the case without the heat storage tank. As the length of the ground heat exchanger was reduced from 1050 m to 1500 m, the heat transfer rate increased by 8%, the heat pump COP by 5%, and the system COP by 4%. In case of with 20 m 3 heat storage tank and ground heat exchanger length is 1500 m, the heat transfer rate increased by 12%, heat pump COP by 7%, and the system COP by 6% compared to the case of with 50 m 3 heat storage tank, and ground heat exchanger length is 1050 m.
Effectiveness Analysis by Design Factor
Compare to Previous Research
In the previous studies, performance analysis of various performance factors of the GSHP system was performed. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, most previous studies analyze the effectiveness of the design factor through numerical simulation [5, 6, 8, 10, 11, 14] . The purpose of most experimental studies is to examine the suitability of the experiment site [17, 18] . In particular, ASHRAE presented the design guideline for the GSHP system through experimental studies [4] . However, it is not considering the ground heat exchanger type and ground source heat pump linked heat storage tank system. Some previous studies [5] [6] [7] [8] analyzed performance according to the ground heat exchanger through numerical simulation. Few studies performed the experiment in the transient state through TRT. In order words, it is not performed COP analysis and response to the actual load. Bae et al. [9] analyzed ground thermal effective conductivity of HDPE type and inner rib type. As a result, the inner rib type has 13% higher heat transfer rate than the HDPE type under the transient state. In a steady state, the heat transfer rate of ground heat exchanger per meter can be calculated using Equation (12) [21] .
In this study, the inner rib type has 7% higher heat transfer rate than the HDPE type under the actual load. This difference is due to the experimental environment. Under the actual load condition, the performance increase according to the ground heat exchanger type is small compared to the steady-state.
The performance analysis according to the capacity of heat storage tank was performed through the numerical simulation [11, 12] . Kim et al. [11] analyzed energy according to use of heat storage tank. As a result, the GSHP linked heat storage tank system has saved energy 15% than the GSHP system. Yu et al. [12] analyzed heat pump COP and system COP according to the capacity of heat storage tank. GSHP linked heat storage tank system has a higher 15% heat pump COP compare to the GSHP system. In this study, the heat pump COP increase rate is 17% according to the introduction of heat storage tank.
Chen et al. [15] analyzed heat transfer rate per unit ground heat exchanger depth through numerical simulation. They found the regression equation of heat exchanger rate per unit depth according to the depth of the ground heat exchanger. As the depth of the ground heat exchanger increases by 1 m, the heat exchanger rate per unit depth decreases by 0.153 W/m. According to the results of this study, as the length of the ground heat exchanger increases by 1 m, the heat exchanger rate per unit length decreases by 0.031 W/m. This difference is due to the experimental environment and ground characteristics according to ground depth.
Conclusions
In this study, the performance analysis according to GSHP system design factors such as the ground heat exchanger type, capacity of heat storage tank, and ground heat exchanger length are performed in order to analyze the effect of performance factors. The experiment results were as follows. 
Nomenclature
